In vitro experiments were performed in ESCC cells overexpressing PSAT1 to measure cell viability and invasion. Tumor formation in vivowas examined by injection of tumor cells into immunocompromised mice subcutaneously. Results: PSAT1 expression was elevated in ESCC tissues compared to normal esophageal tissues. Increased PSAT1 expression was significantly associated with stage of disease, lymph node metastasis, distant metastasis and poor prognosis. In vitro, PSAT1 overexpression promoted ESCC cell proliferation and matrigel invasion. In vivo, injection of mice with ECSS cells overexpressing PSAT1 enhanced tumor formation. Western blot analysis revealed that PSAT1 upregulated the expression and/or activity of GSK3β/Snail. Conclusion: PSAT1 plays a crucial role in the development of ESCC and predicts poor survival. Therefore, PSAT1 may be a promising novel anticancer therapeutic target.
Introduction
Esophageal cancer is a particularly aggressive malignancy with a high mortality rate. It is the eighth most common cancer globally and the sixth most common cause of cancerrelated death [1] [2] [3] [4] . This type of cancer is about four times more common in men than in women and there are vastly different rates of occurrence between countries with China accounting for about half of all cases [5, 6] . There are two main causes of esophageal cancer, esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma (EAC). ESCC derives from epithelial cells that line the esophagus, whereas EAC arises from glandular cells in the lower third of the esophagus. ESCC is the predominant cause of esophageal cancer being responsible for approximately 60-70% of all cases of esophageal cancer worldwide, while EAC accounts for 20-30%, and a number of less common types also occur. However, the incidence of EAC is steadily increasing [7, 8] . Any factor which causes chronic irritation and inflammation increases the risk of ESCC, and tobacco and alcohol consumption are therefore well established as the primary risk factors for ESCC [9, 10] . In contrast, obesity is frequently linked with EAC and the increased prevalence of obesity parallels the increased incidence of EAC [11, 12] . Treatment is based on the stage and location of the cancer and clinical outcomes depend on the extent of the disease but generally tend to be poor as diagnosis is often late with this type of cancer.
Serine and glycine metabolism plays a vital role in cell proliferation as these amino acids are essential precursors for macromolecule synthesis and are important in maintaining the cellular redox state. In recent years, hyperactivation of the serine/glycine metabolic pathway has been implicated in cancer pathogenesis [13] . It has been suggested that the selective expression of some metabolic enzymes operates as a prognostic factor for cancer [14] . Serine is synthesized via a three-step reaction: (1) the conversion of 3-phosphoglycerate to 3-phosphohydroxypuruvate, catalyzed by phosphoglycerate dehydrogenase (PHGDH), (2) the conversion of 3-phosphohydroxypuruvate to phosphoserine by the enzyme phosphoserine phosphatase (PSPH), and (3) the conversion of phosphoserine to serine by phosphoserine aminotransferase (PSAT1). The enzyme that catalyzes the first step in the serine biosynthetic pathway, PHGDH, has been shown to have prognostic value in predicating patient survival in regard to breast cancer but not lung cancer, indicating that other mechanisms may be employed in other cancer types, potentially other serine metabolic enzymes [14] . PSAT1 has been shown to promote cell proliferation and chemoresistance in vitro [15, 16] and this enzyme has been closely associated with tumorigenesis in colon cancer, breast cancer and non-small cell lung cancer by regulating cell-cycle [17] [18] [19] [20] . There is evidence that PSAT1 could function as a pro-proliferative and pro-survival factor during carcinogenesis. Even less is known about the expression and underlying mechanism by which PSAT1 contributes to ESCC development and progression.
Our previous studies found that PSAT1 as a direct target of miR-340, may contribute to the progression and invasiveness of ESCC [21] . In this study, we analyze the role of PSAT1 in the development of ESCC and investigate the relationship between PSAT1 expression and clinicopathological factors including patient prognosis. Taken together, our data identify PSAT1 as a potential novel therapeutic target in esophageal cancer.
Materials and Methods

Patients and tissue specimens
Patients selected for this study were diagnosed with ESCC from 2004 to 2007 at the Tongren Hospital, and underwent esophageal cancer resection, prior to the administration of chemotherapy. ESCC and carcinoma-adjacent tissues were collected immediately after surgical resection, and confirmed by experienced pathologists. All samples were deposited in the Tissue Bank of Tongren Hospital, Shanghai Jiaotong University School of Medicine and coded anonymously in accordance with local ethical guidelines (as stipulated by the Declaration of Helsinki). Written informed consent was obtained from all patients, Liu et 
Cell lines and culture conditions
An immortalized human esophageal squamous epithelial cell line (HET-1A) was purchased from American type culture collection and was grown in RPMI-1640 (Gibco, Carlsbad, CA, USA) medium supplemented with 10% fetal bovine serum (FBS, Gibco). Human embryonic kidney HEK293T cells and three ESCC cell lines (EC1, EC109, EC9706) were purchased from the Chinese Academy of Medical Science (Shanghai, China) and were routinely maintained in Dulbecco's modified Eagle's medium (DMEM) or RPMI-1640 medium (Gibco) supplemented with 10% fetal bovine serum, 100 units/ml penicillin G and 100 µg/ ml streptomyc in at 37°C in humidified air containing 5% CO 2 .
Quantitative real-time PCR Total cellular RNA was isolated from cells using Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. RNA was eluted with RNase-free water, quantified at an absorbance at 260/280 nm, and used for reverse transcription. cDNA was synthesized by oligo (dT) priming using the RevertAidTM First Strand cDNA Synthesis Kit (Fermentas, Burlington, ON, Canada) according to the manufacturer's instructions. Real-time quantitative PCR was performed using a commercial SYBR-Green master mix kit (Takara, Tokyo, Japan) and a Prism 7900 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). GAPDH was included as an internal control. Each sample was measured in triplicate. Primers and probes for real-time quantitative PCR were purchased from Applied Biosystems. The primer sequences for PSAT1 were F: 5ʹ-GGCCAGTTCAGTGCTGTCC-3ʹ and R: 5ʹ-GCTCCTGTCACCACATAGTCA-3ʹ, and for GAPDH were F: 5ʹ-CTGGGCTACACTGAGCACC-3ʹ and R: 5ʹ-AAGTGGTCGTTGAGGGCAATG-3ʹ.
Plasmid constructs and lentiviral transduction
To generate the lentiviral vector pCDH-PSAT1 that overexpresses PSAT1, the full coding sequence was amplified by PCR from HEK293T cell cDNA and then cloned into the BamHI/EcoRI sites of the pCDH-CMV-EF1-copGFP vector (SBI, Mountain View, CA, USA) using the following primers: forward primer, 5ʹ-AAAGAATTCATGGACGCCCCCAGGCAG-3ʹ; reverse primer: 5ʹ-AAAGGATCCTCATAGCTGATGCATCTCCAAAA AT-3ʹ. The correct insertions were confirmed by DNA sequencing.
For the production of viral particles, the lentivirus-mediated PSAT1packaging system containing pCDH-CMV-EF1-copGFP or pCDH-PSAT1was co-transfected with Rec, TAT, Gag and Vsvg into HEK293T cells with Lipofectamine™ 2000 (Invitrogen) according to the manufacturer's instructions. The supernatant containing the virus source was collected 60 h post-transfection and passed through a 0.45-μm pore size filter (Millipore, Bedford, MA, USA).
Cells were grown in log phase and then transfected with either pCDH-CMV-EF1-copGFP (vector) or pCDH-PSAT1 for 24 h. Stable cell lines were screened by mass sorting on a FACSAria flow cytometer (BD Biosciences, San Jose, CA, USA) based on the expression of GFP carried by the lentiviral vector 72 h after transfection. 6 ) in 2 ml of culture medium were transfected with 100 pmol of control siRNA (NC) or target PSAT1 mixed with lipofectamine 2000 reagent in serum reduced medium according to the manufacturer's instructions. The siRNA sequences were as follows: Control siRNA: AACGUACGCGGAAUACUUCdTdT, PSAT1 siRNA #1: GUCAGCACACCUUCCUGCUdTdT, PSAT1 siRNA #2: CAGGCAAGUUUGAAAUCUdTdT, PSAT1 siRNA #3: UUCCAGUUCAAGUCAGAAdTdT. The medium was changed to complete culture medium 6 h later, and the cells were incubated at 37°C in a CO 2 incubator for another 48 h before harvesting.
Small interfering RNA and gene transfection ESCC cells (5×10
Cell invasion assays
For the cell invasion assay, the filter membrane with a pore size of 8 µm (Corning, Acton, MA, USA) was coated with Matrigel (BD Biosciences) diluted 1:5in serum-free RPMI 1640 medium. After air-drying and sterilization, 29 µl of RPMI 1640 medium with serum added was placed in the lower chamber of the Costar transwell (Corning). Then, the above transfected cells were trypsinized and resuspended in serumfree RPMI 1640 with a density of 1.2×10 6 /ml and seeded 50 µl in the upper chamber, then incubated at 37°C for 20 h. Non-invading cells remaining on the upper surface of the filter were removed with a cotton swab and rinsed with PBS several times, and the cells that appeared on the lower surface of the filter were fixed with methanol for more than 15 min at −20°C and then washed in PBS, stained with crystal purple and counted under a microscope. 
Immunohistochemistry analysis
Immunohistochemistry staining was performed with the polyclonal primary antibody against PSAT1 at 1:50 dilution (Proteintech Group Inc, Chicago, IL, USA). Negative controls were conducted by replacing the primary antibody with phosphate-buffered saline. After washing, the sections were incubated with a biotinylated anti-rabbit secondary antobody at 1:200 dilution (Abcam, Cambridge, MA, USA) and then with a streptavidin-horseradish peroxidase complex (Abcam) causing yellow particles. Finally, the tissue sections were immersed in 3.30-diaminobenzidine (DAB), counterstained with hematoxylin, dehydrated and mounted in crystal mount medium. PSAT1 expression was evaluated by two independent pathologists (W.C. and B.S.). In this study, the PSAT1staining index (SI) was ranked only according to the percentage of positive cells marked by yellow particles observed in tumor cytoplasm/cell plasma membrane. Samples in which 0%of cells showed negative staining were rated 0, those with <25% of cells showed positive staining were rated 1, those with 25% to 50% positive stained were rated 2, those with 51% to 75% positive stained were rated 3, those with >75% positive stained were rated 4. We defined that SI>1indicated tumours with high PSAT1 expression and SI≤1 indicated low/negative PSAT1expression. ). Mice were euthanized and tumor weight was examined five weeks later.
Tumorigenicity in BALB/c Scid mice
Western blot analysis
Cultured cells were harvested and lysed in lysis buffer (Cell Signaling Technology, Beverly, MA, USA). Proteins were separated by 10% SDS-PAGE and then transferred onto PVDF membranes (Millipore, Boston, MA, USA). Membranes were blocked with 5% skim milk and then incubated overnight at 4°C with primary antibodies in TBS-T (10 mM Tris-HCl pH 8, 150 mMNaCl, 0.1% Tween 20). The following antibodies were used: phosphorylated-glycogen synthase kinase (p-GSK)-3β, GSK-3β, Snail, E-cadherin, Vimentin(Cell Signaling Technology) and GAPDH antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) as an internal control. After washing, membranes were incubated with peroxidase-conjugated secondary antibodies for 2 h. Signals were detected using a chemiluminescence detection kit (Pierce Biotechnology Inc., Rockford, IL, USA) according to the manufacturer's protocols.
Statistical analysis
All data were presented as mean ± SD. The correlation was analyzed by t-test or ANOVA method. Statistical analyses were performed with SPSS 16.0 software(SPSS, Chicago, IL, USA).P < 0.05 was considered statistically significantly different. For western blot, the relative protein levels were quantified by the ratio to loading control GAPDH. The means ± S.D. of three blots were shown.
Results and Discussion
Expression patterns of PSAT1 in ESCC cell lines and ESCC tissues
The relative mRNA expression levels of PSAT1 were analyzed in 64 ESCC biopsy samples (tumor tissue) and their adjacent matching noncancerous esophageal tissues (non-tumor tissue) taken from patients diagnosed with ESCC by qRT-PCR. PSAT1 mRNA expression levels significantly increased (P < 0.01) in ESCC tumor tissues compared with the corresponding non-tumor tissues (Fig. 1A) . On immunostaining with PSAT1 antibody, positive staining (brown) was detected in tumor tissue but not in non-tumor tissue and normal esophageal tissues, indicating that PSAT1 is specifically expressed in cancerous tissue. Representative images are shown in Fig. 1B .
Next, the relative mRNA expression levels of PSAT1 were analyzed in three ESCC cell lines (EC1, EC109, EC9706) and a HEEC cell line by qRT-PCR (Fig. 1C) . PSAT1 expression was significantly increased (P < 0.01 for EC109 and EC9706; P < 0.05 for EC1) in the ESCC cell lines compared with the esophageal epithelialcell line (HECC). Western blot analysis of the PSAT1 protein levels revealed the same trend, with increased expression in the ESCC cell lines compared with the HEEC cell line (Fig. 1D) . This indicated that mRNA and protein expression of PSAT1 is elevated in ESCC cells compared with normal esophageal cells.
The clinical significance of PSAT1 expression in ESCC
The potential relationship between elevated expression of PSAT1 and various clinicopathological parameters was investigated. As shown in Table 2 , elevated expression of PSAT1 was significantly associated with tumor stage (P = 0.0211), lymph node metastasis (P = 0.0011) and distant metastasis (P = 0.0193), and there was no significant association with gender, age or tumor location. 
Cellular Physiology and Biochemistry
Furthermore, a log-rank test and KaplanMeier analysis were used to calculate the effect of PSAT1 on survival. In order to classify all ESCC patients into high PSAT1 expression and low PSAT1 expression groups, negative and low PSAT1expressionwas determined as low expression group and moderate and high PSAT1expression was determined as high expression group. The log-rank test showed that the expression level of PSAT1 protein attested remarkably to patients' survival time (Fig. 2) .The overall survival rates in ESCC patients with low (n = 26) and high PSAT1 protein (n = 38) were 23.14% and 43.35%, respectively, which represents a statistically significant difference (P = 0.0107). More specifically, the median survival time of patients with high expression levels of PSAT1 protein was only 41 months, whereas the median survival time of those with low levels of PSAT1 protein was 55 months. These findings revealed a significant association between increased PSAT1 expression and poor clinical prognosis.
PSAT1 promotes growth of ESCC cell lines in vitro and in vivo
To further investigate the role of PSAT1 in ESCC cell lines, PSAT1 expression was increased in EC1 cells by transfection with the lentiviral vector pCDH-PSAT1 that overexpresses PSAT1.PSAT1 protein expression in the EC1 stable transfectants was detected by western blot analysis and high levels of PSAT1 expression were detected compared with the no vector and vector only controls (Fig. 3A) . Viability of the EC1 stable transfectants was measured by the MTT assay (Fig. 3B) and cell viability was found to be significantly higher (P < 0.01) in the EC1-PSAT1 cells compared with the EC1-Vector cells, indicating the growth advantage conferred by PSAT1.
In vivo tumor formation was examined by subcutaneously injecting EC1-Vector or EC1-PSAT1 transfected cells into athymic nude mice. Tumor volume was then measured at weekly intervals. As shown in Fig. 3C , after five weeks tumors were significantly larger in mice injected with EC1-PSAT1 cells compared with those injected with EC1-Vector cells (Student's t-test, P = 0.021), suggesting that PSAT1 enhances tumor formation in vivo. To further analyze the function of the PSAT1 gene in ESCC cells, knockdown of PSAT1 was achieved by transfecting EC9706 cells with PSAT1-targeted RNAi (PSAT1 siRNA) or a negative control.PSAT1 protein expression in the EC9706 cells transfected with PSAT1 siRNA was detected by western blot analysis and expression was dramatically reduced in all three PSAT1 siRNA-transfected cells (siRNA #1, siRNA #2, siRNA #3)compared with the negative control (Fig. 3D) , indicating effective knockdown of PSAT1.PSAT1 siRNA #1 was selected as being representative and was used in subsequent experiments. The viability of EC9706 cells transfected with PSAT1 siRNA was measured by the MTT assay and EC9706-siPSAT1 cells showed significantly reduced cell viability compared with EC9706-NC (negative control) cells (P < 0.01; Fig. 3E ). This confirmed the role of PSAT1 in cell proliferation.
PSAT1 induces cell invasion in ESCC cell lines
To investigate the effect of PSAT1 on cell invasion, an in vitro Matrigel assay was performed, firstly in EC1 cells transfected with PSAT1-expressing or control vector and secondly in EC9706 cells transfected with PSAT1 siRNA or negative control, representative images are presented in Fig. 4A and B respectively. Quantitative analysis showed the relative number of invaded cells counted microscopically in five different fields per filter. PSAT1-transfected EC1 cells showed a significantly increased (P < 0.01) number of invading cells compared with the vector only control, whereas PSAT1 siRNA-transfected EC9706 cells The PI3K/Akt/GSK3β/Snail signaling pathway has been implicated in the opposing processes of cellular survival and apoptosis, and aberrant signaling has been associated with carcinogenesis. GSK3β is a ubiquitous regulatory serine/threonine kinase with numerous cellular targets and functions that include cellular proliferation, differentiation, motility and survival [23, 24] . Expression of active GSK3β (not phosphorylated on serine-9) has been linked with promoting apoptosis of cancer cells. Transcription factor Snail suppresses E-cadherin effecting cell differentiation, and migratory and invasive properties, inducing cell movement and survival. It is already reported that miR-140 targeting Slug (Snail2) to regulate the invasion in EC [1] . GSK3β binds to and phosphorylates Snail, thereby regulating its function, and together these proteins act as a molecular switch for many signaling pathways [25] . To analyze the effect of PSAT1 on the expression of key proteins in the GSK-3β pathway (GSK-3β, p-GSK-3β (Ser9), Snail, Vimentin and E-cadherin), western blot analysis was performed on the total protein from PSAT1-transfected EC1 cells and the corresponding vector only control cells (Fig. 5,  left) , and PSAT1siRNA-transfected EC9706 cells and the corresponding negative control cells (Fig. 5, right) . The results of western blot analysis shown that PSAT1 appeared to upregulate the expression and/or activity of GSK3β/Snail. Snail was upregulated in PSAT1-transfected EC1 cellscompared with the vector only control cells, correspondingly it was downregulated in PSAT1 siRNA-transfected EC9706 cells. GSK3β expression showed a similar trend, being upregulated in PSAT1 overexpressing cells and downregulated in PSAT1 silenced cells. The expression of inactive phosphorylated-GSK3β also showed a similar trend but differential expression patterns were less pronounced. Upregulation of the PI3K/Akt/GSK3β/Snail signaling pathway in the presence of high levels of PSAT1 indicates the potential mechanism of action of this serine biosynthetic enzyme in cell proliferation and tumorigenesis, as shown in Fig. 6 .
Taken together, our findings present further evidence of the role of serine biosynthetic enzymes in the pathology of ESCC. PSAT1 promotes cancer cell proliferation and invasion and is a prognostic predicator of poor clinical outcomes.
Conclusion
In recent years, there has been renewed focus on metabolites as anticancer therapeutic targets [26] [27] [28] . In our present study, we found that PSAT1 was increased in ESCC tissues and overexpression of PSAT1 promoted ESCC cell growth in vitro and in vivo, which indicated the deregulation of PSAT1 has a role in the pathogenesis of ESCC and that targeting these signals may have potential therapeutic value in ESCC. In addition, the GSK3β/Snail axis was involved in PSAT1-induced promotion of EMT and invasion, which indicated the importance of conducting further studyon the associated abnormal targeting signals of PSAT1and that targeting these signals may have potential therapeutic value in ESCC.
